Abstract-We describe a hybrid integration module of a 10×10-Gb/s distributed feedback laser diode array (DFB-LDA) and a planar light-wave circuit-based arrayed waveguide grating (AWG). For fabrication of the DFB-LDA, we adopted a selective area growth technique to tailor the channel gain properly, and E-beam lithography to accurately control the channel lasing wavelength and grating phase. For implementation of the AWG, we introduced a 2%-structure to reduce the coupling loss between the AWG and DFB-LDA, and designed the tapered and parabolic waveguides at the junctions of the free propagation regions to widen the spectral passband width (i.e., a −1-dB spectral width of 3 nm). The developed module shows a sidemode suppression ratio of >45 dB, a clear eye opening with a dynamic extinction ratio of >4.4 dB at 10 Gb/s, and a power penalty of <1.5 dB after a 2-km transmission for all channels.
I. INTRODUCTION
T HE standardization of 100-Gb/s Ethernet (100-GbE) was completed in 2010 [1] , and the adoption of 100-GbE Ethernet transceivers has started to grow. In addition, the specifications of 100-GbE multi-source agreement (MSA) were recently proposed and revised for a transmission of 100-Gb/s Ethernet signals over single mode fiber (SMF) with a length of 2 m to at least 2 km, 10 km, or 40 km [2] . The transmitters operating within this specification require the use of ten 1.55-μm light sources separated by an 8-nm wavelength grid operating at a modulation rate of 10 Gb/s.
A ten-channel 10-Gb/s directly modulated distributed feedback laser diode array (DFB-LDA) is considered to be one of the most promising candidates for such a light source. One of the most critical issues in the development of this type of laser array is the performance uniformity over every channel. For example, when we fabricate a multi-channel DFB-LDA employing conventional quantum well (QW) structures, the uniform channel power can be severely limited owing to the relatively narrow gain spectrum (i.e., ∼30 nm). Although many studies have been conducted to implement multi-wavelength DFB-LDAs [3] - [7] , with the exception of Ref. [6] and [7] , most are focused on the development of dense WDM applications.
Apart from the use of an asymmetric MQW structure [8] , the gain spectrum of each channel can also be modified by utilizing the selective area growth (SAG) technique. It was previously reported that a photo-luminescence (PL) spectrum can be red-shifted by 88 nm for a 1.5-μm QW structure without degradation of the spectral quality [9] . From this viewpoint, it is feasible to realize a ten-channel DFB-LDA that can have almost the same optical gain properties for every channel [7] . On the other hand, the fabricated DFB-LDA should be integrated with an optical MUX (or a combiner) for all channel signals to be emitted from one output port. In the hybrid integration of this array structure, the critical issue is the reduction of the coupling loss between the AWG and DFB-LDA and its uniformity over all channels. To do so, it is usually necessary to integrate a spot-size converter into the DFB-LDA. However, this complicates the LD fabrication considerably [10] , [11] .
In this letter, we fabricate and demonstrate a 10 × 10-Gb/s DFB-LDA integrated with a planar light-wave circuit (PLC) based arrayed waveguide grating (AWG) for application to a 100-Gb/s transmission. For fabrication of the DFB-LDA, the SAG technique, E-beam lithography, and reverse-mesa ridge waveguide (RM-RWG) LD processing are used for properly tailoring the channel gain, accurately controlling the channel lasing wavelength and grating phase (i.e., λ/4 phase-shift), and effectively reducing the fabrication cost and electrical and thermal resistances, respectively [12] . One output port is realized by the hybrid integration of a DFB-LDA and PLC-based 2%-(index contrast) AWG with wide Gaussian spectral shapes (i.e., −1 dB spectral width of ∼3 nm). The detailed device structure and its transmission properties are reported herein. Fig. 1 shows a photograph of the hybrid integration module composed of a PLC-based ten-channel AWG and a DFB-LDA sub-assembly module. The sub-assembly module contains a ten-channel λ/4-shifted DFB-LDA, ten surface-mountable device (SMD) resistors, and ten-channel flexible printed circuit board (FPCB) wiring on the copper-tungsten (CuW) metal optical bench (MOB). The DFB-LDA, SMD resistors, and FPCB are die-bonded onto a metalized Si sub-mount, and the module is then chip-to-chip bonded to the AWG. In this 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. sub-assembly module, the FPCB has an arc-bent shape in the form of a grounded coplanar waveguide (GCPW) [7] .
II. DESIGN AND FABRICATION
The AWG was designed and fabricated using the following parameters: an index contrast of 2%, a core width and height of 3.8 μm, an array waveguide number of 50, a phase order of 13, a grating path difference of about 13.87 μm, a free propagation region (FPR) focal length of about 774.7 μm, and a total size of 8 mm × 2.5 mm. To realize a transmission response with a wide spectral width, tapered waveguides with a width of 4.5 μm, and a parabolic waveguide with a width of 7.5 μm, were designed at ten input ports of the input FPR and one output port of the output FPR using 7.5-μm tapered array waveguides, respectively.
For fabrication of the DFB-LDA, the epitaxial layers were grown using a lateral-flow-type metal-organic chemical vapor deposition (MOCVD). The layer stack before the SAG process consists of an n-InP buffer, a grating layer (band-gap wavelength λ bg = 1.35 μm), n-InP space layer, and an outer separate confinement hetero-structure (SCH) layer (λ bg = 1.08 μm). Nearly rectangular-shaped gratings with different periods were formed through E-beam direct-writing and dry-etching. Especially, in this work, in order to prevent the reduction of grating coupling coefficient caused by the increase in thickness and refractive-index of the SAG layer [7] , grating duty was increased 25% to 50% with the increase of channel number. The mask patterns used for the SAG (material: SiN x , thickness: 150 nm) have bilaterally symmetric shapes with a unit cell period of 500 μm. The spacing between adjacent mask stripes within the unit cell is the same as the opening width. Ten SAG mask patterns with different opening widths were designed to position the gain spectrums near the specified channel wavelengths. After the mask-patterning, the InGaAsP SAG layers were consecutively grown at the temperature of 630°C and the pressure of 100 mbar as follows: a lattice-matched 20-nm thick inner SCH layer with a λ bg of 1.24 μm, 7-pairs of QWs (i.e., 0.6% compressively strained 5-nm thick wells of 1.62 μm, and 0.45% tensile-strained 6-nm thick barrier of 1.3 μm), and a lattice-matched 20-nm thick inner SCH layer of 1.24 μm. After the removal of the SAG mask, an outer SCH layer, a p-InP residual cladding layer, a p-InGaAsP etch-stop layer, a p-InP upper cladding layer, and a p+InGaAs layer were grown in sequence. RM-RWGs with a ridge-neck width of about 2.2 μm were fabricated. After typical LD fabrication processes, both facets of 300 μm long DFB-LDA chip bars were anti-reflection (AR) coated and their reflectivities were measured to be about 0.53% at a wavelength of 1.55 μm. The fabricated DFB-LDA was die-bonded on a metalized Si sub-mount, and then tested on the sub-assembly in the same manner as our previous work [7] . In order to examine the reflection immunity, we conducted the back-reflection test by using a circulator and an attenuator. For this test, there was no considerable change in the side mode suppression ratio (SMSR) as long as the feedback ratio (including double single-mode fiber (SMF) coupling losses, 2 × 5 dB) was in the test range of ∼5%. As the feedback ratio increases, the lasing spectrum began to be shifted slightly (within the wavelength range of 0.1 nm) from 0.1% and then become broadened abruptly from about 2% (for ch. 1). It was found that the coupling coefficient of DFB-LD is a critical parameter to have immunity for the back-reflection and a high coupling coefficient is preferred. On the other hand, for the fabricated DFB-LDA, even though the grating duty was increased with the increase of channel number, the reduction of coupling coefficient was not compensated sufficiently (i.e., the threshold current difference of about 10mA was obtained for all channels).
III. EXPERIMENTAL RESULTS
The mounted DFB-LDA was actively aligned to the AWG. Through this alignment, the power of the AWG output port was detected using multi-mode fiber (MMF) with a coupling loss of about 0.5 dB. Fig. 2 shows the measured transmission spectra of the fabricated AWG. The AWG (insertion) loss and crosstalk level are 1 to 2.4 dB and about −20 dB at the channel center for all channels, respectively. The detailed measurement data are listed in Table I . For the active-alignment between the AWG and DFB-LDA, we first measured the output power of each DFB channel at a current of 90 mA, and after their activealignment, measured the MMF-coupled power of the AWG at the same current. By comparing both output powers, the total losses for chs. 1, 4, 6, and 8 were measured to be 9, 7.4, 7.8, and 8.9 dB, respectively. For these data, the total loss can be assumed to consist of AWG loss (which can be obtained from Table I ), MMF-coupling loss (0.5 dB), alignment losses (obtained from the power difference before and after the UV and thermal curing processes), lasing wavelength deviation from the AWG peak wavelength (obtained from the lasing wavelength and Table I) , and coupling loss between the DFBA and AWG (extracted by subtracting the respective losses from the total loss in Table II) . Consequently, it appears that when the number of channels increases, coupling loss (between the DFBA and AWG) increases. This result may be due to the bowed chip bar during the LD processes (e.g., BCB curing and lapping). Nevertheless, we note here that as the number of channels increases, the thicknesses and refractiveindices of the SAG layers increase owing to the growth rate enhancement and Indium richness, respectively, and therefore the optical mode confined in this waveguide narrows vertically. As a result, this narrowed near-field pattern (i.e., broadened far-field pattern) can increase the coupling loss. To confirm this, we analyzed the optical modes for waveguide structures containing SAG layers. The calculations show an increase of about 8°in the full-width at half maximum of far-field pattern of ch. 10. From this result, we can conclude that one of the main reasons for the change in coupling loss with the channel is a variation of optical mode through an increase in the thickness and refractive-index of the SAG layer.
For the integrated module, the output spectra were measured from the output port of the AWG using SMF under an operating temperature of 25°C. Fig. 3 shows the measured Fig. 3 . Measured fiber-coupled output spectra measured from the output port of the AWG in the module at channel currents of 50 mA (dashed lines) and 100 mA (solid lines). The measurement was performed individually for all channels. lasing spectra at channel currents of 50 mA (dashed lines) and 100 mA (solid lines). The spectra show the SMSRs of >45 dB with an average channel spacing of about 8 nm. The AWG transmissions are shown at the bottom levels of the spectra. Relatively large peak-wavelength deviations between the DFB-LD and AWG are shown in chs. 1 through 4. For this device, it is possible to operate at a lower bias current by increasing the operating temperature. However, it is basically more desirable to implement a tuning element such as a micro-heater [14] at each of the DFB-LDA channels. Based on this static result, direct modulation was performed under a bias current of 100 mA and modulation currents of ∼ ± 20 mA. During the modulation test, there were additional shifts in the peak-wavelength of each channel shift (to a longer wavelength side) owing to the modulation current. The detailed measurement results are listed in Table III . Fig. 4 shows the measured eye patterns at the back-toback (BtoB) and after a 2-km transmission for each channel. The measurement was performed individually for all channels. The eye patterns are clearly opened with minimum dynamic extinction ratios (DERs) of 4.82 dB and 4.41 dB for before and after the transmission, respectively. However, in chs. 8 through 10, large amount of signal jitter and excursion appear at the BtoB. For this result, we think this is closely related to the increased back-reflection effect which results from the relatively lowered feedback immunity (caused by low coupling coefficient) and the relatively increased reflection between DFBA and AWG (caused by high coupling loss) and, as a result, this effect results in the degradation of signal quality (i.e. increase of noise) at the BtoB. Fig. 5 shows the BER link performance through 2-km of SMF fiber with respect to the minimum received power. A BER of 1 −9 was shown for each of the ten wavelength channels. The minimum received powers at a BER of 1 −9 were shown to be less than −18 dBm, except for ch. 9 (−17.6 dBm) and ch. 10 (−17.2 dBm), at the BtoB, and increased with a power penalty of <1.5 dB after the transmission. For the small transmission penalty of ch. 10, it can be explained by the reduction of noise (i.e., jitter and shading) of during the transmission. For example, the peakto-peak jitters of ch. 10 at BtoB and 2km transmission were measured to be 30.61 and 24.27 ps, respectively.
IV. SUMMARY
We developed a 10 × 10 Gb/s DFB-LDA integrated with a PLC-based AWG. For the fabricated AWG, an AWG loss of <2.4 dB and a −1 dB spectral width of about 3 nm were achieved for all channels. In an active-alignment test, the coupling loss between the DFBA and AWG was estimated to be <6 dB. For the AWG-integrated DFB-LDA, an SMSR of >45 dB and a peak wavelength deviation (from AWG) of <2 nm were obtained for each channel. The developed module showed a clear eye-opening with a DER of >4.4 dB and a power penalty of <1.5 dB after the 2-km transmission for all channels. Based on these results, we concluded that our DFB-LDA is capable of operating at a data rate of 10 Gb/s, and can be used as a low-cost light source for 100-Gb/s Ethernet transceivers. Additional improvements in the channel performance uniformity, wavelength controllability, and longreach transmission will be the subjects of future investigations.
